Overuse of antibiotics for lower respiratory tract infections (LRTIs) is one of the most urgent and difficult stewardship problems in US hospitals, accounting for much of the unnecessary antibiotic use in the inpatient setting [1, 2] . Reasons include ingrained prescribing practices, patient demand for antibiotics, and a perception of antibiotics as without risk [3, 4] . The differential diagnosis for patients presenting with respiratory complaints includes infectious conditions such as pneumonia and bronchitis (viral or bacterial) and noninfectious conditions such as congestive heart failure and pulmonary embolus. As a result, diagnostic accuracy of pneumonia is notoriously poor, with up to one third of patients misclassified based on clinical and chest x-ray findings [5, 6] . Thus, physicians need effective tools to guide diagnosis and treatment of LRTI.
The characteristics of the peptide procalcitonin (PCT) make it a promising tool for distinguishing patients with bacterial infections, who might benefit from antibiotics, from those with viral infections or no infection. Procalcitonin is up-regulated in numerous tissues in response to bacterial components (lipopolysaccharide, tumor necrosis factor-α) but not viral components [7] [8] [9] [10] [11] . Levels of PCT increase within 4 to 6 hours of initiation of bacterial infection or intravenous endotoxin: this contrasts with increases in C-reactive protein and erythrocyte sedimentation rate, which occur after at least 24 hours [8, 12, 13] .
We hypothesized that deploying PCT-guided algorithms for LRTI into clinical decision making, under the guidance of our hospital antibiotic stewardship program, would safely allow prescribers to discontinue antibiotics sooner than clinical acumen and guidelines dictate. We tested this hypothesis in a pre-post controlled intervention study of PCT-guided antibiotic therapy in patients admitted for LRTI.
MATERIALS AND METHODS

Study Design
The institutional review board approved the protocol. For the control patients, electronic medical records (EMRs) were reviewed under a waiver of consent. Written informed consent was obtained from all patients in the intervention group. A 30-day follow-up assessment using structured EMR review was conducted for both groups.
Setting and Subjects
The study hospital is a 350-bed, academic, tertiary care hospital in Baltimore, Maryland, with approximately 23 500 discharges annually. Inclusion and exclusion criteria were the same for both groups and are summarized in Supplementary Table 1. Patients were eligible for inclusion if they had evidence of LRTI during the first 24 hours after arrival at the emergency department (ED) and started on antibiotics. Patients were excluded if they were immunocompromised, had a deep-seated infection, or lacked capacity. Surrogate decision makers were not allowed to consent. Patients in which exclusion criteria were identified after enrollment were removed from analysis (n = 22) (Figure 1) .
A list of candidate control patients was generated by querying the EMRs for patients seen in the ED and started on antibiotics and admitted to a medicine service. All chief complaints filed to the EMRs for this group were reviewed for relevance to the respiratory system (Supplementary Table 2 ). Patients meeting these criteria were screened in consecutive reverse order from the day before the intervention using the same inclusion and exclusion criteria as the intervention group. Control patients were treated according to physician preference. During the intervention phase, the study team screened all admitted patients 7 days per week for study candidacy.
Interventions
Provider Education and Algorithm Distribution
Before intervention, our antibiotic stewardship program educated providers (internal medicine, clinical pharmacy, ED) regarding the evidence and rationale for PCT use in LRTI and on our study protocol. Of 186 targeted providers, 140 (65%) received education (60 via online module, 80 via in-person lecture). The PCT guidance algorithm ( Figure 2) distributed to providers, embedded in the PCT result report in the EMR, and copied to the patient's chart after enrollment (Supplementary Figure 2) .
Local Treatment Guidelines
Institutional antibiotic guidelines are distributed annually to all prescribers. For acute exacerbation of chronic obstructive pulmonary disease (AECOPD), 3−5 days of antibiotics are recommended. Recommended antibiotic durations for pneumonia are 3-5 days for patients without immunocompromise or structural lung disease, 7 days with moderate immunocompromise or structural lung disease, and 10-14 days in patients with immunocompromise or poor initial response [14] . Provider adherence to these guidelines is not routinely monitored, and antibiotic prescribing patterns for LRTI were not known before this study.
Procalcitonin Measurement and Reporting
The pre-antibiotic PCT level was measured on blood left over from initial testing in the ED. Subsequent PCT levels were timed for 48 hours after baseline for patients admitted to the floor or 24 hours after baseline for patients admitted to intensive care units (ICUs).
Procalcitonin measurements were performed by the hospital laboratory once daily, at 8:00 am on weekdays and after 3:00 pm on weekends (Figure 3 ). The PCT was measured using a rapid sensitive assay, with a functional assay sensitivity of 0.06 μg/L (B·R·A·H·M·S PCT sensitive KRYPTOR; Thermo Fisher Scientific, Hennigsdorf, Germany).
Result lists were reviewed daily by a team infectious disease (ID) pharmacist and an ID physician. The PCT levels were used only to guide antibiotic discontinuation decisions. Antibiotic discontinuation recommendations were based on previously published PCT algorithms and modified to include both floor and ICU patients. Antibiotic discontinuation was recommended if serial PCT values fell more than 80% from the peak value. In the case of a PCT result below the antibiotic stopping threshold, team members notified the treating provider via email or secure text page with a nonbinding recommendation to discontinue antibiotics. Study staff recommended antibiotic initiation in patients with high PCT values who were not on appropriate antibiotic therapy but did not intervene on subsequent high values.
Overruling of the PCT algorithm was allowed for prespecified criteria, including respiratory or hemodynamic instability, 
Bacterial infection unlikely, consider alternative diagnosis
Repeat PCT levels DAILY in ICU or everv 48 hours on the floor.
Drop from peak valu
Initial antibiotics can be considered in case of "overruling criteria": life-threatening comorbidity, ICU admission, and severe illness. Pneumonia severity was determined using the CURB-65 (confusion, uremia, respiratory rate, blood pressure, age over 65) score [15] , with severe defined as a score of 3 or 4. Severity of AECOPD was determined using spirometric criteria according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) classification [16] . Algorithm adherence was defined as discontinuation within 48 hours after a PCT stopping threshold. Patients with override criteria on admission were considered eligible for de-escalation according to the algorithm after 24 hours, if they demonstrated clinical improvement and respiratory or hemodynamic stability.
Patient Follow Up
For patients in the intervention group, 30-day outcomes were assessed by structured EMR review. Hospital readmissions were extracted from the state-wide readmissions database [17] . A study-specific independent data and safety monitoring board monitored safety and adverse events.
Main Outcome Measures
The primary endpoint was total antibiotic duration (calendar days) per LRTI episode (within 30 days post discharge), including inpatient antibiotic administrations and outpatient prescription durations. As a secondary endpoint, antibiotic days of therapy per 1000 patient days present (DOT) was calculated using the National Healthcare Safety Network methodology [18] . No outpatient days were counted in the denominator. Measures of hospital utilization were length of stay and total antibiotic cost (calculated by multiplying the average annual hospital purchase price by the duration of treatment for each drug).
The primary safety endpoint, overall adverse events by 30 days, was a composite of new antibiotic prescription for LRTI, transfer to an ICU, death, antibiotic side effects, disease-specific complications (ie, persistence or development of new pneumonia, lung abscess, empyema, or acute respiratory distress syndrome), and Clostridium difficile infection.
Statistical Analysis
A target sample size, which included intervention and control groups of 349, was calculated using a projected reduction in antibiotic duration of 1.5 days using the outcomes observed in the ProHosp trial [11] , with a plan to enroll controls at a 1:1 ratio. To accommodate a projected attrition rate of 12%, target enrollment was increased to 400.
Demographic, clinical, and admitting data and outcomes were compared between the intervention and control groups using Student t tests and Wilcoxon rank-sum test for continuous variables and χ 2 or Fisher exact tests for categorical variables. The incidence rate ratio (IRR) and corresponding 95% confidence intervals (CIs) contrasting the DOT for the intervention group to the controls was also produced. Finally, the proportion of patients experiencing an adverse event, as well as hospital readmission within 30 days, were compared, and the risk difference and 95% CI between the 2 groups were estimated. Analyses were further stratified by the diagnosis documented by the admitting provider. Admitting diagnoses were categorized as pneumonia, AECOPD, or other LRTI (which encompassed acute bronchitis, asthma exacerbation, and bronchiolitis). Sensitivity analyses included comparison between PCT algorithm-adherent cases and controls. P < .05 was considered statistically significant for all comparisons. All analyses were performed using STATA version 14.1 (StataCorp, College Station, TX).
RESULTS
Patient Enrollment
During the intervention period, hospital encounters were screened daily until 200 patients were enrolled. Four records were duplicates, leaving 196 unique encounters; subsequently, 22 patients met exclusion criteria, and thus there were 174 intervention encounters for final analysis (Figure 1 ). For the control group, we screened 361 encounter records from the preintervention period; 161 met exclusion criteria, leaving 200 controls. Baseline characteristics of the 2 groups were balanced, except for admitting diagnosis ( Figure 3 . Example time line of the timing of patient care events, study enrollment, and initial procalcitonin results. Per the study protocol, initial procalcitonin (PCT) levels were performed on leftover blood collected in the emergency department (ED) and on the hospital unit and were batch run at 8:00 am. Results for both the baseline and follow-up value were available simultaneously in a delayed fashion.
greater proportion of the admitting diagnoses in the intervention than control group (74.4% vs 62.5% 
Antibiotic Exposure and Hospital Utilization
The median antibiotic duration in the PCT group was lower than in the control group (5 vs 6 days, P = .052), total days of antibiotic therapy was significantly lower (1883 vs 2039 DOT/1000 days present; IRR, 0.92; 95% CI, 0.86-0.99), and significantly fewer patients were discharged on antibiotics (37.4% vs 55.5%, P < .001) ( Table 2) . A histogram of antibiotic durations is presented in Supplementary Figure 3 .
When stratified by admitting diagnosis, median antibiotic durations were significantly shorter in the PCT group for pneumonia (6 vs 7 days, P = .045) and AECOPD (4 vs 3 days, P < .001). Total antibiotic usage, in DOT per 1000 patient days present, was significantly lower in the PCT group than the control group for AECOPD (788 in PCT, 1513 in control) (IRR, 0.52; 95% CI, 0.43-0.63; P < .001); however, differences between groups were not significant for pneumonia (2259 vs 2360) (IRR, 1.05; 95% CI, 0.97-1.13). Apart from a significantly longer hospital stay for AECOPD cases in the PCT group than the control group (4 vs 3 days, P = .019), hospital utilization was similar in both groups.
Adverse Outcomes
There were no significant differences between PCT and control groups in rates of adverse outcomes at 30 days (Table 3 ). All-cause hospital readmissions at 30 days occurred in 26.5% of control patients and 22.4% of PCT patients (P = .36).
Adherence With Study Algorithm
Providers adhered to antibiotic recommendations in the PCT algorithm for 119 (70%) of intervention patients. Providers discontinued antibiotics per algorithm in 16 of 27 patients (59%) who initially met override criteria. In cases of algorithm adherence, 82 patients had antibiotics discontinued during hospital admission, and 37 patients were discharged on antibiotics due to a persistently elevated PCT (Supplementary Figure 4) . Providers discontinued antibiotics despite an elevated PCT in 5 patients without observed adverse events. Overall, adherence was high the first month, dropped, then slowly increased over time (Supplementary Figure 5) .
Providers were less likely to follow the algorithm for patients with an admitting diagnosis of pneumonia than in AECOPD or nonpneumonic LRTI (pneumonia accounted for 93.2% of nonadherent cases and 68.5% of adherent cases, P = .005). Neither hospital service, hospital unit, nor patient severity of illness was associated with algorithm nonadherence in a univariate analysis (Supplementary Table 3 ). Adherence by PCT stopping criteria is presented in Supplementary Table 4 .
Excess Antibiotic Days
Under optimal use conditions (test results in <1 hour, 100% provider adherence), we predicted that an additional 477 DOT could have been saved by further shortening or withholding antibiotics. When considering patients who did not meet override criteria on admission, 82 patients had 2 initial negative PCT values, accounting for 417 (87%) of the avoidable antibiotic days. In contrast, in patients with at least 1 positive PCT value who underwent PCT-guided de-escalation, only 60 additional antibiotic days (13%) could have been avoided.
DISCUSSION
In 2004, a cluster-randomized trial demonstrated that PCTguided antibiotic therapy reduced antibiotic exposure in LRTI by 50% without harming patients [19] . Since this seminal trial, numerous trials, conducted mainly in Europe, have demonstrated the safety and efficacy of PCT-guided antibiotic therapy for LRTI. Indeed, patients treated with PCT-guided antibiotic therapy have experienced lower mortality rates than patients in control groups (8.6% vs 10.0%, P = .037), while receiving fewer days of antibiotics [20] .
Although heralding great promise, PCT trials have met with mixed responses from US academic centers. Only 1 trial in the 2017 Cochrane review was conducted at a US site, and this trial excluded patients with pneumonia [20] . Critics point out that antibiotic durations in the control groups were twice those recommended in current US guidelines [21] . In addition, many US physicians favor autonomy and resist protocolization [22] , which could hinder efforts to implement PCT algorithms. The ProACT trial, a randomized trial of 1656 LRTI patients in 14 US centers, was designed to address these criticisms. An intervention utilizing provider education and result reporting with interpretive guidance text did not result in a decrease in antibiotic exposure in the PCT group compared with usual care [23] .
Our study demonstrates that PCT-guided antibiotic therapy can safely shorten antibiotic duration for LRTI at a US site, even with relatively short preintervention treatment durations. In our study, we observed a reduction in median treatment duration for pneumonia as well as AECOPD despite a 1.5-day delay of initial PCT results. In contrast, the ProACT trial did not observe a reduction in duration even with a rapid test-turnaround time. Several differences between our study and ProACT study may explain the differential impact.
First, the ProACT population was heavily weighted toward acute bronchitis and asthma diagnoses (63% vs 2% in our study). The enrollment of these low-acuity patients may have biased the Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary disease; COPD, chronic obstructive pulmonary disease; CURB-65, confusion, uremia, respiratory rate, blood pressure, age over 65; GOLD, Global Initiative for Chronic Obstructive Lung Disease; IQR, interquartile range; LRTI, lower respiratory tract infection; PCT, procalcitonin; SD, standard deviation.
ProACT study toward no effect, compared with our population of hospitalized patients with AECOPD and pneumonia. Second, our experience along with other studies suggest that PCT impact improves when deployed within an institutional stewardship program [24] rather than outside of a stewardship program. Provider education and result alerting, although maximizing prescriber autonomy, may not achieve equivalent results as directive interventions. Modifying antibiotic prescribing habits requires significant trust, feedback, and 2-way communication between prescribers and stewardship teams. Our trial established trust with prescribers via strong stakeholder buy-in. The study team included the medical directors of the ICU and hospitalist services, numerous front-line providers, clinical pharmacy staff, and the antimicrobial stewardship team.
Third, the site and strategy of the ProACT trial differed from the present trial. The ProACT intervention reported PCT results and guidance text to providers in the ED, including recommendations to withhold initial antibiotics for low values. Withholding antibiotics is uncomfortable for providers who cannot follow patients postdischarge. In addition, US hospitals are subject to payment penalties if patients with suspected sepsis do not receive antibiotics within 3 hours of presentation [25] . Adherence with PCT algorithms in the ED is challenging. In contrast, our intervention occurred on inpatient units among patients who had already received a median of 36 hours of antibiotics at the time of the first result. Hence, providers may have felt more comfortable discontinuing antibiotics at this time because clinical response was evident, and patients continued under close monitoring. Our strategy mimics the timing and workflow of audit and feedback performed by many stewardship programs.
The differential findings of the ProACT trial and this current study raise the question: in which setting can PCT have the most impact? Analysis of PCT levels in our patients suggests that the greatest stewardship opportunity lies in initial withholding of antibiotics in patients with AECOPD and in patients with an admitting diagnosis of community-acquired pneumonia but have mild illness and a negative PCT. These patients likely have a noninfectious diagnosis or a viral LRTI, and antibiotics may be safely withheld. A quick PCT turnaround time would maximize this impact. Additional research in a variety of real-world settings is needed to discover optimal implementation strategies for PCT. Provider adherence was 70% overall in our study, which is comparable to other US studies (64% in Branche et al [26] , and 65% in the ProACT study [23] ), but lower than the >90% adherence rates seen in European trials [11, 19] . In a univariate analysis, the main factor associated with algorithm nonadherence was an admitting diagnosis of pneumonia, although adherence in pneumonia was still relatively high (n = 89 of 130, 69%). Provider attitude survey data from the Branche et al 26] study revealed that clinical signs of bacterial pneumonia drive the decision to continue antibiotics in patients with suspected LRTI. Similar findings were reported in the United States-based ProACT trial, where the adherence rate for pneumonia was 39% compared with 82% adherence in acute bronchitis [27] , suggesting that provider belief about the presence of bacterial infection is difficult to modify with a PCT result. Our study has several limitations. The intervention was limited to internal medicine services, which limits generalizability to other specialties. Due to the before-and-after design, the control period occurred during different parts of the calendar year, which may correspond to variations in antibiotic durations due to unmeasured factors such as the acquired experience among trainees and probability of admission based on fluctuating hospital volumes. Due to the nonrandomized nature of the trial, we were unable to isolate the effect of PCT from the effects of education and active stewardship. However, the comparison of a hospital's baseline "usual stewardship" to a stewardship-driven PCT algorithm provides a more accurate estimate of the impact of PCT introduction on overall antibiotic use in a hospital. The need for consent and once-daily test runs delayed results by 36 hours, potentially limiting the impact of our intervention.
CONCLUSIONS
Overall, our study demonstrated that PCT-guided cessation of antibiotic therapy, when undertaken as a stewardship intervention, is a safe and effective strategy to reduce antibiotic use in patients with LRTI.
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